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Similar physiological and biochemical responses are induced by a variety of invasive 
stimuli including bacterial, viral, protozoan and metazoan infection, and some tumors. 
These  include  fever,  leukocytosis, and  elevated  concentrations  of specific  serum 
proteins such as fibrinogen, haptoglobin (1, 2), and serum amyloid A protein (SAA) 1 
(3, 4). Recently, we noted that an additional biochemical response, a hypertriglycer- 
idemia,  characteristically occurs  in  rabbits  infected  with  the  protozoan  parasite, 
T~ypanosoma  brucei  (5).  This  hypertriglyceridemia, representing an  accumulation of 
very low density lipoprotein in plasma, was found to result from decreased removal 
due to a deficiency of lipoprotein lipase, the key enzyme of triglyceride metabolism 
(6)  in  the  peripheral  tissue.  A  similar biochemical  derangement  was  observed  in 
rabbits  carrying  the  V-2  carcinoma  (C.  A.  Rouzer  and  A.  Cerami,  unpublished 
observations). Hyperlipidemia has also been associated with several bacterial  (7, 8) 
and viral infections (9, 10) and with endotoxemia (11-13). The generalized occurence 
of this  phenomenon  stimulated  us  to  investigate  the  biochemical  mechanism(s) 
responsible for the lipoprotein lipase deficiency. 
The hypertriglyceridemia associated with the administration of bacterial endotoxin 
was chosen as an experimental model because it is simpler and more quantifiable 
than experimental infection. Furthermore, endotoxin is a well-characterized material. 
The endotoxin model has the significant additional advantage of having two geneti- 
cally similar strains of mice, one of which is sensitive to and one of which is resistant 
to this material  (14).  Using these endotoxin-sensitive and -resistant  mice, previous 
workers (15,  16)  have demonstrated that several biological actions of endotoxin are 
mediated by exudate cells. These include granulocytosis, changes in plasma iron and 
fibrinogen concentration, and production of SAA. It appears that endotoxin interacts 
with these exudate ceils, causing the release of a  humoral mediator factor that  is 
responsible for the effect observed. In the present communication we report that the 
endotoxin-induced decrease in lipoprotein lipase activity proceeds by a similar mech- 
anism.  Exudate cells,  in  response  to stimulation by endotoxin, release a  mediator 
substance that causes a lowering of lipoprotein lipase activity in adipose tissue. 
Materials and Methods 
Endotoxin.  Endotoxin  (lipopolysaccharide)  from  Escherichia  coli  0127:B8  isolated  by  the 
method of Westphal (17) was purchased from Difeo Laboratories, Detroit, Mich. 
* Supported by a grant from the Rockefeller Foundation. 
1 Abbreviations used in  this paper: DME, Dulbecco's modified Eagle's medium; LPL, lipoprotein lipase; 
SAA, serum amyloid A protein. 
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Mice.  Male C3H/HeN  mice  (7-10 wk old,  18-25  g)  were  obtained from Charles River 
Breeding Laboratories, Wilmington, Mass.  Male C3H/HeJ (7-10 wk old, 18-25 g) mice were 
obtained from The Jackson Laboratory, Bar Harbor, Maine. Mice were  fed  ad libitum on 
Rodent Laboratory Chow (Ralston Purina Co., St. Louis, Mo.) until they were used. The chow 
diet was removed 24 h before the experiment and replaced with a solution of 25% sucrose  in 
water. Once injected, the animals were only allowed access to water. 3-10 C3H/HeN or C3H/ 
HeJ mice were used for each experimental group. 
Each  mouse was  injected intraperitoneally with one of the following: (a)  0.04-100 /~g of 
endotoxin; (b) 0.5 ml of serum obtained from C3H/HeN mice treated with endotoxin or saline; 
or  (c)  1 ml of medium from  cultures of peritoneal exudate cells  of mice incubated in the 
presence or absence of endotoxin. Animals were killed at the indicated times by decapitation. 
The serum triglyceride concentration and lipoprotein lipase (LPL) activity in the heart and the 
epididymal fat pads were determined. 
Assay for Serum Triglyceride Concentration and Tissue LPL.  The triglyceride concentration was 
measured with an enzymatic assay (triglyceride test set 961; Hyeel, Inc., Houston, Tex.). LPL 
activity was assayed by the previously described methods with some modifications (18, 19). 
Epididymal fat pads and heart were excised immediately after the decapitation of each mouse. 
The tissues were rinsed in sterile Dulbecco's modified Eagle's medium (DME)  (Grand Island 
Biological  Co., Grand Island, N. Y.) containing 2% bovine serum albumin (fraction V; Reheis 
Chemical Co., Phoenix, Ariz.) and blotted on sterile filter paper. The tissues were minced with 
scissors,  put  into  preweighed  sterile  polypropylene culture  tubes  (17  ×  100  mm;  Falcon 
Labware, Div. of Beeton, Dickinson & Co., Oxnard, Calif.) containing 1 ml of DME medium 
supplemented with  2%  bovine serum  albumin, and  2  U  of heparin  (Lipo-Hepin;  Riker 
Laboratories Inc., Northridge, Calif.). Tubes with the tissues were sealed under 5% COs in air, 
and  incubated at  room  temperature  with  continuous gentle  shaking.  Tissue  weight  was 
determined by the difference of the weights of the tube before and after the addition of the 
tissue. Approximately 100-300 mg of tissue was used for each assay. After 2.5 h incubation, an 
aliquot of heparin-DME medium was removed and the activity of LPL released from the tissue 
was determined. The enzyme assay was carried out by the method of Nilsson-Ehle and Schotz 
(20)  with  minor modifications. The  samples  were  incubated at  37°C  for  90  min with  a 
triglyceride emulsion. The release of free fatty acid was linear up to 120 rain of incubation. The 
hydrolytic activity was inhibited >80% if 1 M NaCI was added to the assay. Each sample was 
assayed in duplicate. One milliunit of the enzyme activity was defined as one nanomole of free 
fatty  acid  released  per  minute. The enzyme activity released  per  gram  of wet  tissue was 
compared between experimental groups and control groups for each study because there was 
considerable variation  in  LPL  activity  from  day  to  day.  To  compare  the  data  between 
experiments, the data are expressed  as the percent of the average activity of the control group. 
The range observed in C3H/HeN mice was from 32 to 59 mU/g for adipose tissue and 320 to 
836 mU/g for the heart. Values of 31 to 172 mU/g for adipose tissue and 191 to 504 mU/g for 
the heart were observed in C3H/HeJ mice. 
Collection of Serum from  Endotoxin-treated Mice.  Blood was obtained under sterile conditions 
from the axillary pit of C3H/HeN mice 2 h after intraperitoneal injection of endotoxin (either 
2 or  100/×g/mouse) in 0.2 ml of saline or saline alone. Serum was prepared within 1 h  after 
bleeding and either used immediately or kept at -80°C until use. 
Preparation of Endotoxin-treated Peritoneal Exudate Cells.  Peritoneal exudate cells were obtained 
by peritoneal lavage with pyrogen-free saline (Abbott Diagnostics, Diagnostic Products, North 
Chicago, Ill.) from C3H/HeN mice (25-33 g). These mice were injected intraperitoneally 6 d 
before lavage with 3 ml of sterile Brewer's thioglycollate medium (Difco  Laboratories). The 
peritoneal exudate cells obtained with this procedure consist of ~60% macrophages, 20% small 
lymphoeytes, 15% large lymphocytes, and 5% eosinophils (21). 
The exudate cells  (2 ×  106 cells/well) were  incubated in serum-free RPMI  1640 medium 
(Grand Island Biological Co.)  in culture plates containing 4.5-cm  2 wells  (Flow Laboratories, 
Inc., Linbro Chemical Co., Hamden, Conn.) at 37°C in 5% COs. After 3 h, the cultures were 
washed three times with the medium to remove nonadherent cells. The cells that adhered to 
the dish were mainly macrophages. The cells were incubated further in serum-free RPMI 1640 
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after 26 h incubation and centrifuged at  1,000 g for 5 min at 4°C. The supernate was used 
immediately or kept at -80°C until use. No difference in activity was noted after storage for 1 
mo under these conditions. 
Results and Discussion 
Effect of Endotoxin on Serum Triglyceride Concentration and LPL in Mice.  Fig.  1 shows 
the activity of LPL from adipose tissue (epididymal fat pads) and serum triglyceride 
concentration of endotoxin sensitive mice, C3H/HeN, which had been injected with 
either saline or  100 #g of endotoxin  16 h  before killing.  This amount of endotoxin 
corresponds in this strain of mice to a  dose in which half the animals die within 3 d 
after the injection. The LPL activity of adipose tissue in the endotoxin-treated animals 
was markedly depressed (4.3% of the control value), whereas the triglyeeride concen- 
tration in the serum of the endotoxin-treated animal was elevated 2.6 times that of 
control animals. The hypertriglyceridemia and the reduction of LPL in adipose tissue 
had not yet occurred  12 h  after the injection of endotoxin. At 24 h, the depression of 
LPL activity was still  marked  (2.0%  of the control  value), whereas  the  triglyeeride 
concentrations had returned to normal in four of the six mice injected with endotoxin 
(data not shown). This normalization of serum triglyceride levels at 24 h could reflect 
decreased very low density lipoprotein production and/or a compensatory increase in 
LPL  activity  by  other  tissues.  In  all  subsequent  experiments,  LPL  activity  was 
determined  16 h  after endotoxin administration. 
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FIG.  1.  Effect  of  endotoxin  on  serum  triglyceride  (TG)  and  adipose  tissue  LPL  activity  in 
endotoxin-sensitive mice.  100 ~g of endotoxin dissolved in 0.2  ml of saline was injected into C3H/ 
HeN mice. Serum and tissue were obtained  16 h after the injection. Plasma triglyceride and tissue 
LPL were assayed as described in Materials and Methods. Control mice were injected with pyrogen- 
free saline. Data are expressed as the mean (+ SEM) of six mice for each group. 634  ENDOTOXIN-INDUCED  DECREASE IN  LIPOPROTEIN LIPASE ACTIVITY 
Fig.  2a records the effect  of increasing amounts of endotoxin on LPL  activity  in 
adipose tissue of C3H/HeN  and C3H/HeJ  mice.  It is apparent  that the endotoxin- 
resistant  (C3H/HeJ)  mice did not have as low LPL activity after endotoxin admin- 
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Fro.  2a.  Response of adipose tissue LPL to endotoxin injection in endotoxin-sensitive and endo- 
toxin,resistant mice. As indicated, amounts of endotoxin dissolved in 0.2 ml of saline were injected 
into C3H/HeN (O)  or C3H/HeJ (O)  mice. Adipose tissue was obtained  16 h  after the injection. 
Data are presented a~ the mean (± SEM) of percent activity in five animals for each dose compared 
with those of control C3H/HeN mice (7) or control C3H/HeJ mice (10). 
Fic.  2b.  Response of heart LPL to endotoxin injection. Same animals as Fig. 2a. MASANOBU  KAWAKAMI  AND  ANTHONY  CERAMI  635 
istration as did the sensitive mice  (C3H/HeN).  The EDs0, a  dose that causes a  50% 
decrease  in LPL  activity, was  1 /~g and 0.04/~g in C3H/HeJ  and C3H/HeN  mice, 
respectively. 
LPL  activity  in the heart  was  not as markedly  affected  as enzymatic  activity  in 
adipose tissue, even in the endotoxin-sensitive C3H/HeN  mice (Fig. 2b). The admin- 
istration of 2 #g of endotoxin (a dose that reduced enzyme activity in adipose tissue 
by  88%)  had  no  effect  on  the  enzyme  activity  of  the  heart.  Larger  amounts  of 
endotoxin did have noticeable effects on heart LPL activity, however. 
Effect of Serum from Endotoxin-treated C3H/HeN Mice.  To  determine  whether  the 
suppressive effect  of endotoxin on LPL activity of adipose tissue was mediated  by a 
humoral  factor,  we  obtained  serum  from  endotoxin-sensitive  C3H/HeN  mice  that 
had been injected with 100/~g of endotoxin 2 h before bleeding. This serum was then 
injected into another group of C3H/HeN mice. The control group was injected with 
serum obtained from C3H/HeN  mice treated with pyrogen-free saline.  LPL activity 
in epididymal fat pads was measured  16 h later. As shown in Fig. 3a, the serum from 
endotoxin-treated mice markedly suppressed LPL activity in these animals compared 
with the activity observed in the control group of animals. Because >90% of endotoxin 
is cleared from the circulation in 15 min (22, 23), it is unlikely that an observed effect 
on LPL  activity is due to a  direct  effect  of any remaining endotoxin present in the 
serum 2 h after injection. 
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FIG.  3a.  Effect of sertim from endotoxin-sensitive mice treated with endotoxin on adipose tissue 
LPL activity in endotoxin-sensitive mice.  100/~g of endotoxin was injected into a  group of C3H/ 
HeN mice. Serum was obtained from these animals 2 h after endotoxin injection and administered 
intraperitoneally to another group of C3H/HeN  mice.  For a  control group, the serum from the 
same strain of mice not treated with endotoxin was given.  LPL  activity was assayed  16  h  after 
serum injection. The data are expressed as the mean (-t- SEM) of six animals for each group. 
Fro.  3b.  Effect of serum from endotoxin-sensitive mice treated with endotoxin on adipose tissue 
LPL activity in endotoxin-resistant mice. Serum obtained from C3H/HeN mice treated as previously 
with 2/~g of endotoxin was injected into C3H/HeJ mice. For a control group, the serum from C3H/ 
HeN  mice  not  treated  with endotoxin  was  given.  LPL  activity was  assayed  t6  h  after serum 
injection. The data are expressed as the mean (+ SEM) of three animals for each group. 636  ENDOTOXIN-INDUCED DECREASE IN LIPOPROTEIN  LIPASE ACTIVITY 
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Fro.  4.  Effect of medium from exudate cell cultures on adipose tissue LPL in endotoxin-resistant 
mice. The conditioned medium from macrophage cultures incubated with or without endotoxin 
was injected into each of C3H/HeJ mice. Endotoxin dissolved in culture medium without cells was 
injected at the same concentration into another group of C3H/HeJ  mice. Pyrogen-free saline was 
injected into the animals that  comprised the control group.  Data are presented as the mean (+ 
SEM) of four or five animals. 
To  further  exclude  direct  endotoxin  effects,  serum  obtained  from  the  sensitive 
C3H/HeN strain, which had been injected 2 h  earlier with a  smaller amount  (2 #g) 
of endotoxin, was injected into endotoxin-resistant C3H/HeJ mice. The LPL activity 
of adipose tissue was measured  16 h after the injection to minimize the possibility of 
direct endotoxin effect and revealed a 55% decrease of LPL activity (Fig. 3b). Because 
resistant animals do not respond to this small amount of endotoxin,  this observation 
suggests that a humoral mediator is involved to which the resistant mice are capable 
of responding. 
Production of an LPL-suppressing Mediator by Exudate Cells.  Experiments were under- 
taken to determine whether exudate cells could be stimulated to produce the mediator 
by which endotoxin suppresses the LPL activity of adipose tissue. Exudate cells were 
obtained from endotoxin-sensitive (C3H/HeN) mice by peritoneal lavage. These cells 
were incubated in vitro in the presence (10 #g/ml) or absence of endotoxin.  1 ml of 
the  media  from these  cell  cultures  was  injected  into  the  endotoxin-resistant  strain 
C3H/HeJ mice. As displayed in Fig. 4, the average LPL activity in adipose tissue of 
animals injected with medium from the exudate cells incubated with endotoxin was 
32%  of that  of mice that  received either medium from cell cultures  without  added 
endotoxin or medium containing endotoxin without cells. The difference in enzyme 
activity between animals treated with medium from endotoxin-treated cell cultures 
and those animals treated with saline alone was much greater than the other controls, 
suggesting  that  a  small  amount  of mediator was  released  by exudate  cells  in  the 
absence of endotoxin and that the small amount of endotoxin in the medium without 
cells was enough to partially lower LPL activity. In contrast to the marked depression MASANOBU KAWAKAMI AND ANTHONY CERAMI  637 
of LPL activity in adipose tissue, the LPL activity in the heart was not significantly 
affected by medium from endotoxin-treated exudate cell cultures (data not shown). 
From the experimental data presented, it is clear that  endotoxin administration 
markedly suppresses adipose tissue LPL in genetic strains of mice that are sensitive to 
endotoxin shock and death. This action is mediated by a  humoral factor or factors 
that can suppress adipose tissue LPL in mice not sensitive to endotoxin shock as well 
as in mice that are sensitive. Peritoneal exudate cells sensitive to endotoxin appear to 
be involved in the production of this humoral mediator. The observed time lag (14 h) 
between  mediator  release  and  a  decreased  LPL  activity  presumably  reflects  the 
turnover time of this enzyme. 
At present, the chemical nature of the mediator is not known. Whether it is identical 
to or distinct from previously described endotoxin-induced exudate cell mediators (15, 
16) remains to be determined. It is also unclear whether decreased LPL activity in 
response to endotoxin and other insults to the organism serves a  specific protective 
function. It may simply reflect the production by sensitive exudate cells of a humoral 
mediator whose major biological role lies elsewhere. In either ease, however, greater 
understanding of the mechanism by which sensitive-exudate cells decrease LPL would 
seem to have much relevance for other disease states associated with LPL deficiency 
such as familial hypertriglyceridemia (24), diabetes mellitus, and obesity (25). Further 
work is necessary to clarify these important questions. 
Summary 
A  variety of invasive stimuli  have been shown  to induce hyperlipidemia due  to 
impaired  removal  of triglyceride from  the  circulation.  The  mechanism  by  which 
endotoxin  induces  a  deficiency in  the  activity  of the  key  enzyme of triglyceride 
metabolism,  lipoprotein lipase  (LPL), has been studied.  In C3H/HeN  (endotoxin- 
sensitive) mice, LPL activity in adipose tissue was markedly suppressed  16 h  after 
endotoxin administration.  In contrast, the endotoxin-resistant C3H/HeJ mice were 
less sensitive to the suppressive effect of endotoxin on LPL activity. After endotoxin 
administration, a  transferrable factor had been detected in the blood of C3H/HeN 
mice 2 h  after the injection of endotoxin that causes a suppression of adipose tissue 
LPL activity in C3H/HeJ mice as well as in C3H/HeN mice. Conditioned medium 
from the cultures of peritoneal exudate cells of  C3H/HeN mice incubated in endotoxin 
also suppresses adipose tissue LPL in C3H/HeJ mice. These studies demonstrate that 
exudate cells produce a  humoral  factor in response to endotoxin, which suppresses 
adipose tissue LPL. 
We are grateful to Dr. Shigeru Sassa for numerous discussions, and Dr. Michael Brownlee for 
discussions and help in the preparation of this manuscript. 
Received  for publication 4 May 1981. 
References 
I.  Fischer, C. L., and C. W. Gill. 1975. Acute-phase proteins. In Serum Protein Abnormalities: 
Diagnostic and Clinical Aspects. S. E. Ritzmann and J. C. Daniels, editors. Little, Brown 
& Co., Boston. 331. 638  ENDOTOXIN-INDUCED  DECREASE  IN LIPOPROTEIN  LIPASE ACTIVITY 
2.  Werner, M. 1969. Serum protein changes during the acute phase reaction. Clin. Chem. Acta. 
25:299. 
3.  McAdam, K. P. W. J., R. F. Anders, S. R. Smith, D. A. Russell, and M. A. Price.  1975. 
Association of amyloidosis with  erythema  nodosum  leprosum  reactions  and  recurrent 
neutrophil leucocytosis in leprosy. Lancet. II:572. 
4.  Rosenthal, C. J., and E. C. Franklin. 1975. Variation with age and disease of an amyloid 
A protein-related serum component.J.  Clin. Invest. 55:746. 
5.  Rouzer, C,  A., and A. Cerami.  1980. Hypertriglyceridemia associated with  Trypanosoma 
brucei brucei infection in rabbits: role of defective triglyceride removal. Mol. Biochem. Parasitol. 
1:31. 
6.  Fielding, C. J., and R. J. Havel. 1977. Lipoprotein lipase. Arch. Pathol. Lab. Med. 101:225. 
7.  Gallin, J. I., D. Kaye, and W. M. O'Leary. 1969. Serum lipids in infection. N. Engl.J. Med. 
281:1081. 
8.  Farshtchi, D., and V. J. Lewis. 1968. Effects of three bacterial infections on serum lipids of 
rabbits.J. Bacteriol. 95:1615. 
9.  Man, E. B., B. L. Kartin, S. H. Durlaeher, andJ. P. Peters.  1945. The lipids of serum and 
liver in patients with hepatic diseases. J. Clin. Invest. 24:623. 
10.  Grossberg, S. E., and W. M. O'Leary. 1965. Hyperlipaemia following viral infection in the 
chicken embryo: a new syndrome. Nature (Lord.). 208:954. 
11.  Hirsch, R. L., D. G. McKay, R. I. Travers, and R. K. Skraly. 1964. Hyperlipidemia, fatty 
liver, and  bromsulfophthalein retention in rabbits injected intravenously with bacterial 
endotoxins.J. Lipid Res. 5:563. 
12.  Sakaguchi, O., and S. Sakaguchi.  1979. Alterations of lipid metabolism in mice injected 
with endotoxin. Microbiol. Immunol. 23:71. 
13.  Bagby, G. J., and J. A. Spitzer. 1980. Lipoprotein lipase activity in rat heart and adipose 
tissue during endotoxin shock. Am. J. Physiol 23:H325. 
14.  Sultzer, B. M. 1968. Genetic control of leucocyte responses to endotoxin. Nature (Lord.). 219: 
1253. 
15.  Kampschmidt, R. F., L. A. Pulliam, and H. F. Upchurch.  1980. The activity of partially 
purified leukocytic endogenous  mediator in  endotoxin-resistant C3H/HeJ  mice. J.  Lab. 
Clin. Med. 95:616. 
16.  Sipe, J. D., S. N. Vogel, J. L. Ryan, K. P. W. J. McAdam, and D. L. Rosenstreich.  1979. 
Detection of a mediator derived from endotoxin-stimulated macrophages that induces the 
acute phase serum amyloid A response in mice..]. Exp. Med. 150:.597. 
17.  Westphal, O., and K. Jann.  1965. Bacterial lipopolysaccharides: extraction with phenol- 
water and further applications of the procedure. In Methods in Carbohydrate Chemistry. 
R. L. Whistler and M. L. Wolfrom, editors. Academic Press, Inc., New York. 5:83. 
18.  Pyk~ilist6, O. J., P. H. Smith, and J. D. Brunzell. 1975. Human adipose tissue lipoprotein 
lipase: comparison of assay methods and expressions of activity. Proc. Soc. Exp.  Biol. Med. 
148:297. 
19.  Taskinen, M., and E. A. NikkilS..  1979. Lipoprotein lipase activity of adipose tissue and 
skeletal muscle in insulin-deficient human diabetes: relation to high-density and very-low- 
density lipoproteins and response to treatment. Diabetologia. 17:351. 
20.  Nilsson-Ehle, P., and M. C. Schotz. 1976. A stable radioactive substrate emulsion for assay 
of lipoprotein lipase.J. Lipid Res. 17:536. 
21.  Edelson,  P.  J.,  R.  Zwiebel,  and  Z.  A.  Cohn.  1975. The  pinocytic  rate  of activated 
macrophages.J. Exp. Med. 142:1150. 
22.  Herring, W.  B., J.  C.  Herion,  R.  I.  Walker, and J.  G.  Palmer.  1963. Distribution and 
clearance of circulating endotoxin.J. Clin. Invest. 42:79. 
23.  Carey, F. J., A. I. Braude, and M. Zalesky. 1958. Studies with radioactive endotoxin. III. MASANOBU KAWAKAMI AND ANTHONY  CERAMI  639 
The effect  of tolerance on the distribution of radioactivity after intravenous injection of 
Escherichia coli endotoxin labelled with Cr51.J.  Clin. Invest. 371441, 
24.  Havel, R. J., and R. Gordon, Jr.  1960. Idiopathic hyperlipemia: metabolic studies in an 
affected family.J. Clin. Invest. 39:1777. 
25.  Pyk~ilist~, O. J., P. H. Smith, and J. D. Brunzell.  1975. Determinants of human adipose 
tissue lipoprotein lipase: effect of diabetes and obesity on basal- and diet-induced activity. 
J. Clin. Invest 56:1108. 